but significantly down-regulated in the 40 ‰. Plasma cortisol levels significantly increased in the 40 ‰ environment. These results are discussed in relation to the well-known high adaptability of Sparus aurata to different environmental salinities and the role of the GH/IGF-I axis in this process.
Introduction
Hormones and neuropeptides play a key role in maintaining the physiological balance of euryhaline fishes in a stable state during changes in the environmental salinity. Neuroendocrine axes sense the osmotic and ionic changes and coordinate the tissue-specific response for internal adjustment. This adjustment can be rapid, as through the actions of angiotensins, or slow, as through prolactin (PRL) and growth hormone/insulin-like growth factor-I (GH/IGF-I) actions. The rapid-acting hormones cope with immediate challenges by controlling drinking rate and the activity of ion transporters in the gill, gut and kidney. The slow-acting hormones alter the abundance of ion transporters and trigger cell proliferation and differentiation of ionocytes and other osmoregulatory cells, reorganizing then the body for long-term acclimation (Takei and McCormick 2012) .
GH and IGF-I exhibited plasma-hypoosmoregulatory actions in salmonid fishes (Sakamoto et al. 1993) , increasing opercular chloride cells number, gill Na + , K + -ATPase activity and mRNA expression of Na + , K + -ATPase subunits, as well as salinity tolerance when administered (McCormick 1995 (McCormick , 2001 ). However, in nonsalmonid fishes, the osmoregulatory roles of this axis are controversial due to the contradictory results obtained among different teleost species (Mancera and McCormick 1998) . For this reason, more research on both euryhaline and stenohaline fish species to determine the widespread osmoregulatory actions of the GH/IGF-I axis is required (Sakamoto and McCormick 2006; Mancera and McCormick 2007; Link et al. 2010) .
Pituitary adenylate cyclase-activating polypeptide (PACAP) is a hypothalamic neuropeptide which belongs to glucagon/secretin/growth hormone-releasing hormone (GHRH) superfamily. PACAP regulates cell proliferation, differentiation, development of the nervous system, regeneration following nerve injuries, apoptosis, and metabolism (Somogyvári-Vigh and Reglodi 2004) . PACAP analogs are effective in stimulating GH secretion in vitro (Wong et al. 2000) . Somatostatin-I (SS-I) is a tetradecapeptide secreted by the hypothalamus and it acts as an inhibitor of pituitary GH secretion (Peterson et al. 2003; Xu and Volkoff 2009) . Prepro-somatostatin (PSS), the precursor of mature SS peptide, is present in all vertebrate classes, especially the precursor for the highly conserved SS-14 form (also named SS-I), presenting many effects on energy allocation, digestion, and metabolism. Both PRL and GH belong to the GH/PRL family of pituitary polypeptide hormones sharing a common structure (Forsyth and Wallis 2002) . The major action of PRL in teleost fishes is the maintenance of hydromineral balance in euryhaline species under freshwater condition (Manzon 2002; Sakamoto and McCormick 2006) .
Gilthead sea bream (Sparus aurata) is a euryhaline species that is being used in our research group as a model organism for osmoregulatory studies. This species tolerates a wide range of environmental salinities (from 5 to 60 ‰), with the best growth rates obtained under isosmotic environments. Acclimation to different environmental salinities induced several osmoregulatory, endocrine and metabolic adjustments (Mancera et al. 1993a, b; Laiz-Carrión et al. 2005a, b; Sangiao-Alvarellos et al. 2005; Vargas-Chacoff et al. 2009b ). In addition, this species is extensively cultured in the Mediterranean area, providing considerable economic significance in aquaculture there.
The aim of this study was to investigate the roles of growth-related neuropeptides (PACAP and PSS-I) in controlling modifications in the GH/IGF-I axis in juvenile specimens of S. aurata acclimated to different environmental salinity regimens (5, 12, 40 and 55 ‰) . Some of these changes were previously tested in response to different osmotic challenges in S. aurata (Laiz-Carrión et al. 2009; Vargas-Chacoff et al. 2009b ). The cDNAs from two hypothalamic factors (PACAP and PSS-I) involved in GH production were cloned and sequenced. Expression modification in genes related to the GH/IGF-I axis (PACAP, SS-I, GH and IGF-I), alongside with another adenohypophyseal hormone directly involved in osmoregulatory processes (PRL) was determined. Also, the phylogeny of the obtained neuropeptide precursors in S. aurata was studied in relation to other teleost species using neighbor-joining phylogenetic trees.
Materials and methods

Animals and experimental protocol
Juvenile specimens of S. aurata (n = 32, 150-180 g body mass) were provided by Planta de Cultivos Marinos (CASEM, Universidad de Cádiz, Puerto Real, Cádiz, Spain) where they were kept in 40 ‰, salinity (1,090 mOsm kg −1 H 2 O osmolality), and temperature between 21 and 22 °C). Fish were transferred to the wet laboratories of the Faculty of Marine and Environmental Sciences (Puerto Real, Cádiz), where they were acclimated during 7 days to 40 ‰ salinity, under the same water conditions mentioned before, in 400-L tanks with a flow through water system. The experimental salinities were achieved by mixing SW with dechlorinated tap water (until reaching 5 and 12 ‰ salinities) or with natural marine salt (Salina de la Tapa, El Puerto de Santa María, Cádiz, Spain) until reaching 55 ‰ salinity. Experimental animals were divided into four groups (n = 8) and transferred directly to 400-L tanks (3 kg m −3 density) with the specific salinity, where they were maintained under environmental photoperiod and temperature (October 2010) for 14 days. After this experimental time, the osmoregulatory system of S. aurata specimens is known to reach a chronic regulatory period (Laiz-Carrión et al. 2005a; Sangiao-Alvarellos et al. 2005) . Groups were maintained in a closed recirculating water system with a Teflon physical filter and a biological filter of rock beads. Water quality criteria were checked periodically to affirm their stability. 20 % of tank water was changed daily. Fish were fed a daily ration of 1 % of their body mass with commercial pellets (Dibaq-Dibroteg S.A., Segovia, Spain). Every morning before feeding, rearing tanks were checked and no food was left. No mortality was observed during experimental time in all salinities used.
After 14 days, fish were netted, anesthetized with 2 mL L −1 of 2-phenoxyethanol (Sigma-Aldrich), weighed and sampled. Blood was immediately collected from the caudal peduncle into 1-mL syringes that were rinsed with a solution containing 25,000 units of ammonium heparin per 3 mL of 0.6 % NaCl. Plasma was separated from cells by whole blood centrifugation (3 min, 10,000×g, 4 °C), snap frozen in liquid nitrogen and stored at −80 °C until analysis. For quantitative reverse transcription polymerase chain reaction (qPCR) analysis, the entire pituitary gland, both hypothalami lobes, and biopsies from the liver of each animal were immediately preserved in 5-10× volumes (w/v) (Table 1) were purified by desalting and purchased from biomers.net (Germany). All kits were used according to manufacturers´ instructions; otherwise any modification will be mentioned. Total RNA was extracted with the NucleoSpin ® RNA II kit (Macherey-Nagel), using single hypothalamus, homogenized by an IKA ® Ultra-Turrax ® T25 with the dispersing tool S25N-8G (IKA-Werke), and including the on-column DNA digestion using the RNase-free DNase provided with the kit. RNA quality was checked in the Bioanalyzer 2100 system (Agilent Technologies, Life Sciences), using Agilent RNA 6000 Nano kit (Agilent Technologies, Life Sciences). RNA quantity was measured spectrophotometrically at 260 nm with a BioPhotometer Plus (Eppendorf). For cDNA synthesis, the purest (RIN >8) and the most abundant RNA samples (>200 ng µL −1 ) were selected. cDNA was synthesized from the hypothalamic RNA using the SuperScript™ III Reverse Transcriptase (Invitrogen, LifeTechnologies), using ~3 µg of total RNA. 1 U of BIO-TAQ™ DNA polymerase (Bioline) was used in each PCR reaction applied for the amplification of the target genes in a total volume of 25 µL. The PCRs were accomplished in a Mastercycler ® pro (Eppendorf). The PCR program is shown in Table 2 . Fresh, adequate-size PCR products were cloned into the pCR ® 4-TOPO cloning vector (Invitrogen, Life Technologies) and sequenced in the Unidad de Genómica of the University of Córdoba. For all putative clones, forward and reverse sequencing was carried out using the dideoxynucleotide chain-termination method with T3 and T7 universal primers. The obtained 703 bp PACAP cDNA fragment shared 100 % nucleotide sequence similarity with the published partial GHRH/PACAP precursor in the gilthead sea bream (GenBank Accession No. DQ659328.1). PSS-I cDNA clone was 408 bp-long and showed 95 % identity with Astatotilapia burtoni PSS-I (GenBank Accession No. AY585720.1), and 85 % with PSS-I from Epinephelus coioides (GenBank Accession No. AY677120.1) and from Siniperca chuatsi (GenBank Accession No. JN034584.1).
Screening of a brain cDNA library
To isolate the full-length PACAP cDNA, a gilthead sea bream brain cDNA library constructed in lambda ZAP yeast RNA type III). For hybridization, 25 ng of the putative cDNA fragment coding for gilthead sea bream PACAP, previously cloned by PCR, was radiolabeled using the RadPrime DNA Labeling System (Invitrogen, LifeTechnologies) and (α-32 P)dCTP (PerkinElmer), and allowed to hybridize with the Nylon membrane overnight at 42 °C. Then membrane was washed twice in 2× SSC-0.1 % SDS for 30 min each at room temperature, twice in 1× SSC-0.1 % SDS for 30 min at 42 °C, and twice in 0.5× SSC-0.1 % SDS for 30 min at 60 °C, till background was very low. Membranes were exposed to autoradiography film (Amersham, GE LifeSciences) for 2 days with intensifying screens at −80 °C. Positive plaques were isolated and subjected to further two rounds of hybridization/isolation. After the third round of the screening, several putative pBluescript SK(−) phagemid clones from the brain library were excised in vivo using E. coli XL1-Blue MRF' and SOLR strains (Stratagene, Agilent Technologies Life Sciences). The phagemids were double digested by EcoRI and XhoI (Takara) and the products were revealed in a 1 % agarose gel stained with GelRed™ (Biotium). Positive clones with adequate sizes were sequenced in a sequencing service (Unidad de Genómica, University of Córdoba, Spain).
Although the same protocol for screening the brain mRNA library was applied for obtaining the full PSS-I cDNA, no positive clones were obtained, and therefore a RACE approach was followed to get the full-length cDNA.
3′ and 5′ RACE
All primers used for RACE are shown in Table 1 . For cloning the 3′-end of the PSS-I cDNA, two rounds of PCR were performed with two forward primers designed from the 3′-end of the obtained intermediate cDNA fragment of PSS-I against a poly-T(V) as the reverse primer. All gene-specific primers used were purified by desalting and purchased from biomers.net (Germany). PCR conditions were the same as used before for obtaining the intermediate cDNA fragment and are shown in Table 2 . To clone the 5′-end of PSS-I, the 5′ RACE System for Rapid Amplification of cDNA Ends, version 2.0 (Invitrogen, LifeTechnologies) was used. In brief, hypothalamic cDNA was synthesized from 1 µg of total RNA with the gene-specific primer (cDNA-synthesizer primer in Table 1 ). Two rounds of PCR, with the same conditions for cloning of the intermediate cDNA fragments, were run with two reverse primers designed from the 5′-end of the obtained intermediate cDNA fragment of PSS-I. Forward primers were poly G adapter primers provided with the 5′-RACE kit. Fresh PCR product was purified using Microcon YM-100 model (Centrifugal filter devices, Millipore) as follows. The PCR reaction was adjusted to 500 µL with 10 mM Tris-HCl (pH 8). The solution was applied to Microcon filters and centrifuged at 500×g for 10 min. The volume was re-adjusted to 500 µL with 10 mM Tris-HCl pH 8 and re-centrifuged. The filter was placed upside-down and centrifuged for 5 min at 1,000×g for recovering of the PCR product purified from primers, free nucleotides, and other contaminants. After running a 1 % agarose gel stained with GelRed™ (Biotium) in a horizontal electrophoresis for checking the product integrity, the purified PCR product was cloned into the pCR ® 4-TOPO vector (Invitrogen, LifeTechnologies) for sequencing.
Finally, the three cDNA sequences (3′-, intermediate, and 5′-) of the PSS-I were assembled according to the 100 % identities between their overlapping ends using the algorithm merger (http://pro.genomics.purdue.edu/ emboss/). A re-cloning primer pair was designed from the outer-most 5′ and 3′ extremities (Table 1 ) of the obtained hypothalamic cDNA fragments of the PSS-I. These were used to re-clone the full-length cDNA of the PSS-I by PCR to assure the effectiveness of the RACE strategy.
Phylogenetic analyses PACAP and PSS-I sequences obtained from various vertebrate classes were retrieved from GenBank database (http://www.ncbi.nlm.nih.gov/protein/) and aligned using ClustalW2 (www.ebi.ac.uk/Tools/clustalw2/index.html). The results were uploaded to MEGA 5.0 (Tamura et al. 2011) . Neighbor-joining algorithm, based on open reading frame nucleotide sequences and complete deletion, was applied for constructing the phylogenetic trees. One thousand (1,000) bootstraps were applied for enhancing the reliability of the test.
Total RNA extraction and quantitative reverse transcription polymerase chain reaction (qPCR) Total RNA from hypothalamus and liver was extracted using the NucleoSpin ® RNA II kit (Macherey-Nagel), whereas total RNA from pituitary was extracted using the NucleoSpin ® RNA XS kit (Macherey-Nagel), following manufacturer's protocols (for all kits in this study only originally supplied components and protocols were used). RNA concentration and quality were assessed using the Biophotometer plus (Eppendorf) and Bioanalyzer 2100 system (Agilent Technologies, Life Sciences), using Agilent RNA 6000 Nano kit (Agilent Technologies, Life Sciences). All samples had RNA integrity number (RIN) values ≥8.00. A total of 500 ng (for hypothalamus and liver) or 50 ng (for pituitary) of total RNA from each tissue was used for cDNA synthesis using qScript™ cDNA Synthesis Kit (Quanta BioSciences). Generated cDNAs were stored at −20 °C for a period never exceeding 1 month.
All qPCR steps were performed using PerfeCTa™ SYBR ® Green FastMix™ (Quanta BioSciences), with cycling conditions detailed in Table 2 . The qPCR primers (Table 3) were designed using the software primer3 (http://frodo.wi.mit.edu/primer3/) based on the full cDNA sequences published in GenBank (http://www.ncbi.nlm. nih.gov/nuccore) for gilthead sea bream PACAP (Acc. No.: JN585761), preproSS-I (Acc. No.: JN585762), IGF-I (Acc. No.: AY996779), GH (Acc. No.: U48221) and β-actin (Acc. No.: X89920). PRL primers were designed and used in previous studies with S. aurata (Vargas-Chacoff et al. 2009a, b) . All qPCR primers were purified by HPLC and purchased from biomers.net (Germany).
To optimize the qPCR conditions, several primer concentrations (100, 200, 400 and 500 nM) and temperature gradient (from 50 to 60 °C) were used. Different hypothalamus and liver cDNA template quantities were applied in triplicate (10 ng, 1 ng, 100 pg, 10 pg and 1 pg of input RNA) to check the assay linearity and the amplification efficiency. For pituitary cDNAs, the same range was applied, but excluding the first point (10 ng). Finally, although the assay was linear between 10 and 1 pg of cDNA per reaction (amplification efficiencies and regression coefficients are shown in Table 3 ), a final in-well cDNA quantity of 100 pg of cDNA was used for all the amplifications.
Relative gene quantification was performed using the ΔΔC T method (Livak and Schmittgen 2001) . qPCR reactions (10 µL), composed of 4 μL cDNA template, 5 μL PerfeCTa™ SYBR ® Green FastMix (2× concentrated, Life Technologies), and 0.5 µL from each primer, were performed with the Mastercycler ® ep Realplex 2 (Eppendorf) operated with Realplex 2.2 software (Eppendorf). Reactions, ran in triplicate, were incubated at 95 °C for 5 min, followed by 40 cycles of 95 °C for 15 s and 60 °C for 1 min. Non-template controls (NTCs) were used as negative controls in every experiment. A single-peak melting curve was used to check for the absence of primer-dimer artifacts and non-specific amplifications. Beta actin (β-actin) was used as the internal reference gene for normalizing mRNA expression data, owing its low C T variability in agreement to the results reported before for S. aurata (Hang et al. 2005; Vargas-Chacoff et al. 2009a, b) and what we found during the qPCR runs (not exceeding 0.5 C T differences among different salinities).
Plasma cortisol levels
To determine the state of stress of the fishes under their diverse environments, plasma cortisol levels were determined. Plasma levels of free cortisol were quantified in each experimental group (n = 8) by indirect enzyme assay (EIA) following a method described before for testosterone (Rodríguez et al. 2000) . Extraction and measurement of gilthead sea bream plasma cortisol followed the procedure used by Martos-Sitcha et al. (2013) . The lower limit of cortisol detection (93 % of binding, ED93) was 3.91 pg mL −1 . The intra-assay coefficient of variation (calculated from the sample duplicates) was <4 %. The interassay coefficient of variation was not calculated since all samples were run in the same plate.
Statistics
Statistical analyses were performed using one-way analysis of variance (ANOVA) and Tukey-HSD post hoc test. Significant values were considered when P < 0.01. 
Results
Cloning of sbPACAP and sbSS-I Gilthead sea bream PACAP cDNA was successfully cloned, with the nucleotide and predicted amino acid sequences shown in Fig. 1 consisted of a 23 amino acid signal peptide at the beginning, followed by the 106 amino acid-long PACAP-related peptide (PRP) that showed high sequence identity with PRP in other teleost fishes, but very low similarity to mammalian GHRH (22-37 %) proteins, according to BLAST comparisons. A dibasic cutting site with lysine-arginine is found in the end of PRP, through which a proteolytic processing to the preproprotein will cause the release of the 45 amino acid-long fish mature PACAP, corresponding to the α-amidated PACAP38 in mammals. Furthermore, the tripeptide Gly 154 -Lys 155 -Arg 156 can be cleaved to generate the α-amidated PACAP27 isoform according to the model reviewed before (Vaudry et al. 2000) .
Gilthead sea bream preproSS-I cDNA consisted of 560 bp including an open reading frame (ORF) of 365 bp, a 5′-untranslated region (UTR) of 26 bp and a 3′-UTR of 169 bp (Fig. 2) . The locations of the oligonucleotide primers used for cloning PSS-I were detected in the full-length cDNA sequence (Table 1) Mature SS-I deduced amino acid sequence was almost 100 % identical to its analogs in all vertebrate classes, from fishes to mammals. In S. aurata, the protein encompassed a putative signal peptide of 28 amino acids with a region of hydrophobic residues that is a common feature of other signal peptides (Nielsen et al. 1997 
Phylogeny of sbPACAP and sbSS-I
For the neighbor-joining (NJ) phylogenetic trees, Kimura 2-parameter was the best model describing the substitution patterns in both PACAP and PSS-I. For PACAP, the phylogenetic tree showed that all fish PACAPs actually belong to one monophyletic group, while the amphibians and the other tetrapods belong to the other one (Fig. 3) . Interestingly, both short and long PACAP mRNA precursors of the spotted African lungfish Protopterus dolloi were located within the tetrapod clade. Within fish clade, two sub-clades could be distinguished, the first including species whose PACAP precursors are catfish-like; and the second containing species with salmon-like PACAP precursors. Despite having some degree of independence, S. aurata belonged to the salmon-like PACAP sub-clade.
For the PSS-I precursors phylogeny, the NJ tree exhibited two monophyletic groups. The first group or clade is divided into two sub-clades: to the first belongs most of siluriformes, cypriniformes and osteoglossiformes, and into the second lies most of perciformes and pleuronectiformes, including that of S. aurata. Interestingly, the second monophyletic group not only contains all tetrapod vertebrates' PSS-I precursors, but also PSS-I precursors of sturgeons and sharks. (Fig. 4) .
Endocrine and neuroendocrine measurements
Acclimation during 14 days to different environmental salinities increased hypothalamic PACAP mRNA levels in all tested salinities in comparison to the 40 ‰-acclimated group (Fig. 5A) . However, hypothalamic PSS-I expression increased significantly in the 55 ‰-acclimated group only (Fig. 5B) . Pituitary GH expression levels did not change significantly among different salinity groups (Fig. 5C ), except for a tendency to increase in specimens acclimated to the highest salinity (P = 0.09). PRL expression levels (Fig. 5D ) increased significantly in 5-and 12 ‰-acclimated groups versus specimens acclimated to hyperosmotic environments (40 and 55 ‰). This expression was significantly down-regulated in 55 ‰-acclimated specimens in comparison to 40 ‰-acclimated group. Hepatic IGF-I expression values showed, after 14 days of acclimation, a U-shaped curve pattern in relation to different environmental salinity, with the highest expression in extreme salinities (5 and 55 ‰) (Fig. 5E ). This pattern was very similar to that of the PACAP expression in the hypothalamus.
Finally, plasma cortisol levels exhibited the minimum values in 12 ‰ conditions while significantly increased in 55 ‰ environment (Fig. 6 ).
Discussion
In this study, we aimed to identify the influence of environmental salinity on the GH/IGF-I axis of S. aurata. Gilthead sea bream GH and IGF-I were previously cloned (Martínez-Barberá et al. 1994; Tiago et al. 2008) . Also, expression analyses assessing the influence of different experimental conditions, including osmoregulatory approaches, were performed (Laiz-Carrión et al. 2009; Vargas-Chacoff et al. 2009a, b; Fuentes et al. 2010 ). However, molecular tools for hypothalamic factors involved in the control of GH cells were not available until now. In this study, we cloned the full-length cDNAs for PACAP, as a stimulatory factor, and PSS-I, as an inhibitory factor, both for the pituitary GH cells. PACAP is the newest member discovered from the family of brain-gut peptides that also includes, PACAPrelated peptide (PRP), growth hormone-releasing hormone (GHRH), and glucagon (GCG). It was discovered in all levels of chordates from tunicates to humans. Its sequence is well conserved in these distant taxa, indicating that it performs important regulatory functions. In teleosts, two transcripts were discovered in several species, such as Danio rerio, Takifugu rubripes, Carassius auratus, Gadus morhua and in salmonids-all of which whom both transcripts result from a PRP-exon skipping (Parker et al. 1997; Cardoso et al. 2007; Xu and Volkoff 2009) . In our case, we aligned many PACAP cDNA sequences available in the GenBank database, some of which belong to both "short" and "long" PACAP transcripts in the same fish species. We designed our PCR primers from the regions in the PACAP cDNA flanking the skipped exon, aiming to obtain two different-sized PACAP fragments by a single PCR. However, we could not found more than a single PCR product that was a part of the cDNA of the "long" PACAP transcript. After labeling this PCR fragment to be used as a probe for screening the brain gene library for the full PACAP cDNA sequence, the resulting clones contained only the long transcript. Therefore, presence of a "short" PACAP transcript in S. caurata cannot be clearly judged.
PSS-I is also very well conserved among all vertebrate classes, from agnathans to mammals. The obtained S. aurata PSS-I sequence clustered with other fish PSS-I rather than tetrapods, with a clear separation between both groups. Mature SS-I contained the same features of mature SS-I of Epinephelus coioides, including the dibasic cutting Arg-Lys site at the beginning that releases it, and the monobasic cutting site Arg 93 that can give rise to SS-30.
GH/IGF-I axis
In our study, hypothalamic PACAP expression increased in environmental salinities different to 40 ‰. Furthermore, PACAP mRNA expression was completely different of GH and quite similar to that of IGF-I, possibly suggesting that the effect on GH mRNA occurred early during the course of the experiment to transmit the signal from PACAP to the hepatic IGF-I precursor. The apparent similarity between PACAP and IGF-I expression patterns, but their difference with GH further complicates the dilemma of the direct GH role in osmoregulation in S. aurata. In salmonids, GH is considered as a proper seawater-adapting hormone (Sakamoto et al. 1993; Björnsson 1997 ) although in non-salmonids such function is less evident McCormick 1998, 2007; McCormick 2001; Laiz-Carrión et al. 2005b ). In S. aurata, GH does not seem to be a key player in comparison to IGF-I. Many studies were carried out, concerning the osmoregulation in S. aurata, with special reference to the patterns of GH regulation (Mancera et al. 1995 (Mancera et al. , 2002 Laiz-Carrión et al. 2009; Vargas-Chacoff et al. 2009b; Fuentes et al. 2010) . GH injection did not affect any of the osmoregulatory parameters (including gill Na + , K + -ATPase activity, plasma osmolality, and plasma ions) in S. aurata upon acclimation to different salinities (Mancera et al. 2002) . This issue of loss of GH-direct osmoregulatory roles extends far beyond S. aurata, to include fish species from proper marine origin, like Sparus sarba and eels, in contraposition to tilapia or killifish, for example (Sakamoto and McCormick 2006) . Moreover, the contradictory results found in other previous studies with S. aurata for GH mRNA patterns under acclimation to different salinities may further confirm the minimum role of GH in S. aurata osmoregulation. S. aurata GH mRNA levels varied between the increase, the decrease, or even the complete loss of responsiveness (Laiz-Carrión et al. 2009; VargasChacoff et al. 2009b) . PACAP, however, stimulates the in vitro and in vivo GH release from the pituitary gland of some fish species, such as the goldfish Carassius auratus, the stargazer Uranoscopus japonicus, the common carp Cyprinus carpio, the turbot Scophthalmus maximus and the sockeye salmon Oncorhynchus nerka (Parker et al. 1997; Wong et al. 1998; Rousseau et al. 2001; Xiao et al. 2002; Matsuda et al. 2005) . However, GH mRNA did not change under PACAP treatment in the olive flounder Paralichthys olivaceus (Nam et al. 2013) . Also, dietary lipid changes influenced more PACAP, GH receptors and IGF-I than GH itself (Gómez-Requeni et al. 2012) .
Therefore, and from all these studies, it is possible to conclude that the absence of a clear GH response to different environmental salinities in our experiment can be attributed to one of two factors: (1) that the GH for itself, at least in S. aurata, can be just a part of a more complex system of control, where it is switched on or off by other regulators, like cortisol or IGF-I for example (Sakamoto et al. 1993) ; or (2) a temporary and early GH response occurred during the course of the experiment, that lasted for 14 days, to affect the IGF-I production and some other osmoregulatory actions then disappeared before the end of the experiment.
PSS-I mRNA expression increased significantly in specimens maintained under the highest environmental salinity (55 ‰). Again, GH mRNA did not show any corresponding changes, which may reflect some osmosensitivity of growth-related neuropeptides, at least under the hyperosmotic condition. The inhibitory role of SS-I on GH cells has been demonstrated in some teleosts (Cook and Peter 1984; Cameron et al. 2005; Very et al. 2008 ). However, SS-I belongs to a gene family with several active forms that arise from the same or different precursors. SS forms are not equipotent in inhibiting GH production. For instance, three PSS genes have been cloned in the grouper Epinephelus coioides, sharing low amino acid identity with each other (Xing et al. 2005) . In Carassius auratus, hypothalamic SS-II is more potent in inhibiting GH secretion than SS-I, while, in the catfish Ictalurus punctatus, the forms SS-22 and SS-14 have no effect on GH release (Klein and Sheridan 2008). In our study, minimal changes observed in GH expression in relation to SS-I (SS-14) precursor expression may suggest the existence of several SS forms in S. aurata that showed different effects on GH cells.
In our study, the hepatic IGF-I mRNA up-regulated upon 14 days of acclimation to extreme salinities (5 and 55 ‰), alongside a non-significant (P = 0.07) tendency for increase in the 12 ‰ group. IGF-I is generally considered as a key player for mitochondria-rich cell (MRC) development as well as Na + , K + -ATPase increased activity (Sakamoto et al. 1993; McCormick 1995; Reinecke et al. 2005; Link et al. 2010) . Therefore, its observed increase in the highest and lowest salinities could aid the proliferation and differentiation of MRC cells as well as the enhancement in Na Woo 2004, 2005) . In these two species, the enhancement in IGF-I mRNA was more prominent in brackish water environments. However, taking into consideration the varying durations of acclimation between these experiments and ours, the IGF-I expression in response to different environmental salinities may then be time and species specific. Species-specific osmoregulatory response of IGF-I mRNA expression is well-known (McCormick 2001; Mancera and McCormick 2007) . For example, in salmonids, parr-smolt transformation is associated with IGF-I mRNA increase (McCormick 2001; Reinecke et al. 2005; Jørgensen et al. 2007) . Also, the transference of the black-chinned tilapia O. melanotheron heudelotii to seawater then to freshwater resulted in a transient IGF-I mRNA down-regulation (Link et al. 2010) . Ultimately, in the Southern flounder Paralichthys lethostigma, transfer from freshwater to seawater increased hepatic IGF-I expression (Tipsmark et al. 2008 ). PRL PRL expression was significantly up-regulated in lowsalinity environments, but down-regulated in hypersaline environments. Our results confirmed the hyperosmotic role of PRL in S. aurata, in agreement with the reported for this hormone in the same species and in other teleost species (Manzon 2002; Sakamoto and McCormick 2006; Laiz-Carrión et al. 2009; Vargas-Chacoff et al. 2009b; Fuentes et al. 2010; Link et al. 2010) . PRL cells increased in volume, occupying larger hypophyseal area, and showed bigger nuclear sizes and/or cytoplasmic features upon low osmolality challenge in both S. aurata and S. sarba, indicating an osmosensing capability of sea bream PRL cells (Mancera et al. 1993b; Kwong et al. 2009 ). In addition, ovine PRL treatment significantly decreased gill Na + , K + -ATPase activity while increased plasma osmolality and ions in juveniles of S. aurata acclimated for 24 h to seawater and brackish water (Mancera et al. 2002) . These latter findings refer to a role for PRL in the acute acclimation period to adjust plasma osmolality by reducing Na + , K + -ATPase activity and ion loss in a low-salinity environment, consequently. As mentioned elsewhere, after 14 days of acclimation, the fishes are found in a state of chronic adaptation. This, as found by Laiz-Carrión et al. (2005a) , is associated with the increase in Na + , K + -ATPase activity and a decrease in plasma osmolality. Hence, and especially upon prolonged survival in a low-salinity environment, it seems that the regulatory role of PRL on Na + , K + -ATPase activity decreases, while IGF-I plays more crucial role.
Cortisol
Despite being a euryhaline species, S. aurata exposed to extreme environmental salinity in our experiment mounted a cortisol stress response, as indicated by the elevated plasma cortisol levels. A similar situation was noted before in a similar trial with S. aurata (Sangiao-Alvarellos et al. 2005) . Several studies were carried out to investigate the effects of cortisol in relation to different environmental salinities in teleosts, including S. aurata. Cortisol increase is beneficial for enhancing gill Na + , K + -ATPase activity in response to excessively high and low environmental salinities (Mancera et al. 1993a (Mancera et al. , b, 2002 . In S. aurata, stress elevates plasma cortisol which is accompanied by a decrease in GH levels (Pérez-Sánchez and Le Bail 1999) .
The cortisol/IGF-I interaction seems to be complicated, multifactorial, and even species specific. Both cortisol and IGF-I may be involved in mediating the action of GH in seawater adaptation (Sakamoto et al. 1993) . The direct physiological roles of IGF-I and cortisol seem to be paradoxical, with the cortisol acting as a potent growth inhibitor and IGF-I as a major growth promoter. Yet, some studies in teleosts, even in perciformes, indicated that cortisol does not necessarily reduce the capacity of hepatocytes to produce IGF-I in vitro. Even a co-incubation of hepatocytes with GH and cortisol could increase the hepatocyte IGF-I mRNA, despite the enhancement was less than that when incubating the hepatocytes with GH only (Pierce et al. 2011) . On the other hand, another type of stress, the confinement, could increase plasma cortisol levels in S. aurata, but decreased at the same time hepatic IGF-I mRNA expression, so cortisol/IGF-I interaction seems to be dependent also upon the stress situation (Saera-Vila et al. 2009 ). Finally, the interaction may be also species dependent since the transfer of the Southern flounder Paralichthys lethostigma to seawater elevated plasma cortisol levels, but decreased hepatic IGF-I mRNA expression significantly (Tipsmark et al. 2008 ).
Conclusions
Our results suggested that the increases in both PACAP and IGF-I gene expressions in response to hypo-and hyperosmotic salinity acclimation were greater than those for GH in Sparus aurata juveniles. PACAP and IGF-I patterns may then contribute to the successful acclimation and survival of S. aurata in response to environmental salinity fluctuations. The loss of GH expression sensitivity to the different tested environmental salinities may further question its direct roles in S. aurata osmoregulation, at least upon chronic acclimation to extreme environmental salinities. Somatostatin and cortisol had more prominent roles in osmoregulation in hyperosmotic environments. Finally, prolactin osmosensing and hyperosmoregulatory capabilities are prominent in S. aurata regardless of the salinity regime applied or length of acclimation period, as inferred from our study and other similar studies.
